UNIVERSITY OF LEEDS

This is a repository copy of Movement of the inner retina complex during the development
of primary full-thickness macular holes: implications for hypotheses of pathogenesis.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/93333/

Version: Accepted Version

Article:

Woon, WH, Greig, D, Savage, MD et al. (4 more authors) (2015) Movement of the inner
retina complex during the development of primary full-thickness macular holes:
implications for hypotheses of pathogenesis. Graefe's Archive for Clinical and
Experimental Ophthalmology, 253 (12). pp. 2103-2109. ISSN 0721-832X

https://doi.org/10.1007/s00417-015-2951-0

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

This is an author-prepared, peer-reviewed version of an article published in Page 1
Graefe’s Archive for Clinical and Experimental Ophthalmology 253 2103-2109 (2015)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00417-015-2951-0

Movement of the inner retina complex during the development of primary
full thickness macular holes: implications for hypotheses of pathogenesis

Wai H Woon FRCOphth’, Denis Greig PhD', Mike D Savage PhD*, Mark CT Wilson PhD ",
Colin A Grant PhD'", Bataung Mokete FRCEd', Fiona Bishop FRCOphth"

“Consultant Vitreo-retinal Surgeon, St James’ Hospital Leeds, 'Professor of Physics, University of Leeds,
*Professor of Applied Mathematics, University of Leeds, ~Lecturer in Mechanical Engineering, University of
Leeds, "Lecturer in Medical Engineering, University of Bradford,

Corresponding author: Hong Woon, Department of Ophthalmology, St James’ Hospital, Beckett St, Leeds LS9
7LS. tel: +441132060000. E-mail hong.woon@leedsth.nhs.uk

All authors certify that they have no affiliations with or involvement in any organization or entity with any
financial interest, or non-financial interest in the subject matter or materials discussed in this manuscript.

The study was approved by the Research and Development department of St. James’ Hospital, Leeds (R&D
number: OP13/10828) and adhered to the tenets of the Declaration of Helsinki.

Abstract

Background: The inner retinal complex is a well defined layer in spectral domain OCT scans
of the retina. The central edge of this layer at the fovea provides anatomical landmarks that
can be observed in serial OCT scans of developing full thickness macular holes (FTMH).
Measurement of the movement of these points may clarify the mechanism of FTMH
formation.

Method: This is a retrospective study of primary FTMH that had a sequence of two OCT
scans showing progression of the hole. Measurements were made of the dimensions of the
hole including measurements using the central edge of the inner retinal complex (CEIRC) as
markers. The inner retinal separation (distance between the CEIRC across the centre of the
fovea) and the Height-IRS (average height of CEIRC above the retinal pigment epithelium)
was measured.

Results: Eighteen cases were identified in 17 patients. The average increase in the base
diameter (368 microns) and the average increase in minimum linear dimension (187 microns)
was much larger than the average increase in the inner retinal separation (73 microns). The
average increase in Height-IRS was 103 microns.

Conclusion: The tangential separation of the outer retina to produce the macular hole is much
larger than the tangential separation of the inner retinal layers. A model based on the
histology of the Muller cells at the fovea is proposed to explain the findings of this study.

Key words: full thickness macular hole, Muller cells, pathogenesis, bistable, vitreomacular
traction



This is an author-prepared, peer-reviewed version of an article published in Page 2
Graefe’s Archive for Clinical and Experimental Ophthalmology 253 2103-2109 (2015)
The final publication is available at Springer via http://dx.doi.org/10.1007/s00417-015-2951-0

Introduction:

Full thickness macular holes (FTMH) have been extensively studied since Kelly and Wendel
discovered surgical treatment in 1991 [1]. There is general agreement that FTMH is due to
dehiscence and tangential separation of tissue rather than loss of tissue [2]. This would
explain the characteristic pincushion distortion of vision produced by FTMH, and the
recovery of vision that often occurs following macular hole surgery. However, the mechanism
that produces tissue separation remains controversial. Hypotheses based on cortical vitreous
contraction or glial cell proliferation have been proposed, but the prevailing view is that
FTMH usually results from vitreomacular traction [3,4,5]. Vitreomacular traction is
undoubtedly present in a large proportion of developing FTMH and can be visualized in
optical coherence tomography (OCT) scans of FTMH [3.,4,5]. However, these forces appear
to act mainly in the antero-posterior direction [6] and this would not of itself produce the
tangential separation of the tissue required to produce a macular hole.

Modern OCT scanning of the retina produces images of sufficient quality to define the
various layers of the retina and to give an accurate picture of the morphology of FTMH [7].
Serial OCT scanning of developing FTMH should be able to resolve how the retinal layers
move relative to each other, and this should help clarify the mechanism of macular hole
formation. Gentile used this technique to observe two cases of developing FTMH [8]. He
found that there was initial vitreomacular traction but that the macular hole continued to
enlarge following separation of the vitreomacular attachments. He also found that hole
enlargement was associated with cyst formation. He concluded that hydration of the retina, as
postulated by Tornambe [9], was the driving force in FTMH. Gentile’s observations were
qualitative using an earlier generation of OCT scanner. He noted that modern spectral domain
OCT scanners, capable of differentiating the various layers of the retina, might further
elucidate the process of FTMH pathogenesis.

Macular hole parameters currently in use are defined in terms of the shape of a macular hole
rather than distances between anatomical points of the retina[10]. They are therefore not
defined for measuring the movement of one anatomical point of the retina relative to another.
The inner retinal complex, comprising the nerve fibre layer, the ganglion cell layer and the
inner plexiform layer, is seen as a well-defined layer in modern OCT scans, Fig 1A. This
layer tapers to a sharp central edge and this sharp edge is retained throughout the development
of a FTMH. In cross section, the inner retinal complex tapers to a point on each side of the
foveola, and the distance between these anatomical points is easily measured on OCT scans.
Measurement of the change in this distance in serial OCT scans of developing FTMH would
provide a measure of the tangential movement of the central edge of the inner retina complex.
Similarly, the change in height of the central edge of inner retinal complex above the retinal
pigment epithelium would provide a measure of the antero-posterior movement of retinal
tissue. We have examined serial OCT scans to provide quantitative data on the movement of
the inner retinal complex to clarify the mechanism of FTMH formation in cases of primary
FTMH as defined by the international vitreomacular traction study group [5].

Material and methods:

This is a retrospective study of primary FTMH that have had a sequence of OCT scans that
showed progression of the FTMH. Consecutive cases were identified from theatre records of
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patients who have had surgery for FTMH. The OCT database of these patients was reviewed
and cases that had a sequence of OCT scans showing development or progression of a FTMH
were identified. Cases were included if there was evidence of vitreomacular traction on the
initial OCT scan. The study was approved by the Research and Development department of
St. James’ Hospital, Leeds (R&D number: OP13/10828) and adhered to the tenets of the
Declaration of Helsinki.

Horizontal raster OCT scans were taken using a Heidelberg OCT spectralis, spectral domain
OCT scanner. The OCT scans passing through the central fovea were used. Measurements
were made, with the horizontal and vertical scale set to the same value, using the Heidelberg
software by a single observer (WHW). The following parameters were measured, Fig 1B:

1. IRS, the inner retinal separation: the distance of a line joining the centre most points
of the inner retinal complex either side of the fovea.

2. MLD, the minimum linear dimension of the hole. Any flap attached to the edge of the
hole is not included when taking this measurement.

3. BD, the base diameter of the hole.

4. Height-IRS, the average height, above the retinal pigment epithelial layer, of a line
joining the central edges of the inner retinal complex.

For each sequence of two OCT scans, the change in IRS, MLD, BD, and Height-IRS was
calculated by subtracting the value in the first OCT scan from the value in the final OCT scan.

Statistical analysis was performed using GenStat 10" edition.

Results:

Eighteen cases in 17 patients were identified with evidence of vitreomacular traction on an
initial OCT and for which there was a further OCT showing progression or development of a
FTMH. Eleven patients were female and 6 male. The average age of the patients at the time of
the final OCT scan was 66.5 years (range 51 -77). The median interval between the initial and
final OCT scans was 84 days (interquartile range: 27— 148 days).

The average change in the parameters with standard error of mean are: change in base
diameter, 368 (£ 48) microns; change in minimum linear dimension, 187 (£ 29) microns;
change in height, 103 (+ 20) microns; change in inner retinal separation, 73 (+ 20) microns.
Boxplots for these data are shown in figure 2 left. Initial and final OCT scans of one of the
cases is shown in figure 3.

The cases were divided into 4 groups according to the change that occurred between initial
and final OCT scan. In group A, the change was from no full thickness defect of the retina to
a hole (full thickness defect of the retina) but with persistent VMT at one or both edges of the
hole. In group B, a hole with persistent VMT progressed whilst retaining VMT to one or both
sides of the hole. In group C, a hole with VMT enlarged to become a hole with no VMT. In
group D, the change was from no full thickness defect to a hole with no persistent VMT.
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The numbers in each group was as follows: group A, 6; group B, 4; group C, 5; group D, 3.
One way analysis of variance showed no significant difference for the mean change in base
diameter, or mean change in minimum linear dimension, or mean change in height between
the 4 groups (p-value of 0.79, 0.45, and 0.07 respectively). The p value for the test of equal
mean change in inner retinal separation in the four groups was 0.023. The box plot of the
change in inner retinal separation for the four groups is shown in figure 2 right.

Discussion:

This study of the development of a primary FTMH found that the average increase in the base
diameter (368 microns) and the average increase in the minimum linear dimension (187
microns) are both considerably larger than the average increase in inner retinal separation (73
microns). The formation of a FTMH was also found to be associated with a larger change in
the height of the inner retina than change in inner retinal separation. This study is limited by
being a retrospective study and there is potential for bias in both the data collection and in the
measurement of parameters. However, the quality of spectral domain OCT scans is such that
the end points for measurements are well defined and allow reliable measurements. The errors
in measurements are thus probably small compared to the changes in the parameters that have
been found. Moreover, the findings are probably not unexpected given the comparisons that
can be made between FTMH and fellow eyes in everyday clinical practise. If there is no
significant loss of tissue, the tangential separation of the outer retina must be at least equal to
the minimum linear dimension. Thus, this study shows that during the formation of a FTMH,
the tangential movement of the outer retina is much larger than the tangential movement of
the inner retina, and that the formation of the hole is associated with a larger movement of the
inner retina in an antero-posterior direction than in the plane of the retina.

Vitreomacular traction would explain the antero-posterior movement of the inner retinal
complex noted in this study, but it would not of itself explain how tangential separation of the
outer retina is produced by elevation of the inner retina. We propose a model that would
explain how the tangential separation of the outer retina can be produced by elevation of the
inner retina with very little tangential movement of the inner retina. In addition, the model
would explain other well-recognized features such as the rolling up of the outer retina and the
cyst formation that is seen in OCT scans. For the purpose of this model, the retina is separated
into 3 layers, Fig 4:

i. A layer of inner retinal complex (IRC), using the 3 layer definition of the IRC to
include the nerve fibre layer in addition to the ganglion cell layer and the inner
plexiform layer.

ii.  An intermediate layer consisting of the inner nuclear layer and the outer plexiform
layer.

iii.  An outer retinal complex layer (ORC) consisting of the outer nuclear layer and the
photoreceptor inner and outer segments
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Our proposed model combines the concepts of drawbridge elevation of the inner retina [9],
vector forces transmitted through the Muller cells [11,12], and the special arrangement of
Muller cells in the central area of the macula [13-15]:

1. Drawbridge elevation of the inner retina complex:
In a normal eye, the inner retina follows the contour of the foveal depression. In cross
section, the inner retina on each side of the foveal depression follows a slope that is
reversed in a developed FTMH with an elevated retinal rim. Thus, during the
development of a FTMH, the inner retina on each side of fovea has moved like a
drawbridge pivoting about the edge of the normal foveal depression, Fig 4C.
Tornambe coined the term drawbridge elevation to describe this movement of the
inner retina and he postulated hydration of the retina as the cause for this elevation of
the inner retina and FTMH formation [9]. In our model, the cyst formation in Henle’s
layer in a FTMH is secondary to the drawbridge elevation.

2. Vector forces:
Spaide and others have proposed that vector forces transmitted along the line of a
Muller cell produces the tangential separation of the outer retina to form a FTMH
[11,12]. They noted that the Muller cells are long cells that pass obliquely through the
entire thickness of the retina to connect the inner and outer retinal layers. The Muller
cells are the main glial cell component of the retina and it is probable that separation
of the inner and outer retina would create tension within the Muller cells. An antero-
posterior movement of the inner retina is thus transmitted to the outer retina along the
line of these Muller cells, and this would produce an antero-posterior and tangential
(centrifugal) movement of the outer retinal complex, Fig SA.

3. Special arrangement of Muller cells in the central area of the macula:
Within a central area of the macula, the Muller cells have the following properties:

a) Z-shape configuration. The Muller cells follow the path linking a photoreceptor
with its corresponding ganglion cell and have a characteristic z-shape, Fig 5C.
This path takes a centrifugal course as it follows the long cone axons in Henle’s
layer [13].

b) Increasing length of Muller cells with distance from the centre of the fovea. Within
the central macula, the lateral displacement between photoreceptor and their
corresponding ganglion cell increases with distance from the centre of the fovea up
to a maximum for photoreceptors that are about 0.65mm from the centre of the
fovea [14]. This means that, in the foveal area, the length of the Muller cells must
increase with distance from the centre of the fovea, Fig 5. Muller cells linked to
photoreceptors at a distance of about 0.65 mm from the centre of the fovea have a
length of about 0.3 mm in Henle’s layer.

c) The paths of the Muller cells are axially symmetric about the axis of the fovea
[15].

With this arrangement of Muller cells at the central macula, a drawbridge elevation of the
inner retina complex would produce forces acting on a smaller area of the outer retinal
complex, Fig SA. In addition, within this affected area of outer retina, the effect of movement
of the drawbridge falls off rapidly with distance from the centre of the fovea. This is because
a more central point on the drawbridge moves through a larger arc, and the Muller cells more
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centrally have a shorter length, Fig 5B. The effect is to cause the outer retinal complex to
become rolled up as seen in 2 dimensional OCT scans and to form the crown shape in 3
dimensional OCT imaging as described Hangai et al [16].

The model also explains the intra-retinal cysts in FTMH as a consequence of FTMH
formation rather than as a cause of FTMH pathogenesis. The Muller cells have a long path
and are packed tightly in parallel in Henle’s layer. In this region of the macula, adjacent
Muller cells in Henle’s layer form two sides of a parallelogram that has been squashed by a
shearing forces. Separation of the inner and outer retina causes the parallelogram to open up
and produce the cysts in Henle’s layer that are seen in a developed FTMH, Fig 5. This
parallelogram action is seen in a railway barrier that opens out as it falls into the closed
position or can be seen when a flattened wine rack is opened out for use.

This model explains the observations found in this study but it does not explain why the inner
retina should become elevated in a drawbridge fashion. Tornambe explains the drawbridge
elevation by hydration of the retina. However, hydration pressure would act in all directions
and this would cause the outer retina to be pressed against the retinal pigment epithelium
whilst in fact the outer retina becomes elevated with FTMH formation. Swelling of tissue
would also be expected to close a hole if there is no tissue loss. Vitreomacular traction would
provide the antero-posterior force to elevate the drawbridge but the point like attachment of
the vitreous to the fovea in FTMH [6] would be expected to produce a sharper curvature of
the inner retina than the drawbridge elevation seen in FTMH. It is also difficult to explain the
symmetry of FTMH, when vitreomacular traction is often asymmetric, unless there is some
intrinsic force within the retina to maintain symmetry. Epiretinal membrane formation could
also produce elevation of the inner retina with shortening of the retina and loss of the foveal
depression. However, further elevation of the inner retinal beyond a flattening of the foveal
depression would be difficult to explain. The inner retinal complex that lines the foveal
depression of a healthy eye has the shape of a shallow disc cone, and in three dimensions the
drawbridge elevation of the inner retinal complex can be seen as the inversion of the shape of
the inner retinal complex at the fovea. We have proposed a bistable hypothesis of FTMH
formation in which the disc cone of inner retinal

complex can be triggered to flip inside out by vitreomacular traction —in the same way that an
umbrella can be flipped inside out by pressing on one edge [17]. The bistable hypothesis
would thus explain the movement of the inner retinal complex that has been found, although
there is of course no direct evidence that the disc cone of inner retinal complex is bistable in
this study.

Dividing the cases into the groups chosen showed that there is some evidence that most of the
separation in the inner retinal complex occurs in group C, when a FTMH with VMT
progresses to become a FTMH without VMT. This finding may be worth further
consideration even though the data is from a small cohort of cases. The increase in inner
retinal separation following separation of VMT could be explained if the presence of
vitreomacular attachments were to act to prevent tangential separation of the inner retinal
complex. The conventional view is that vitreous attachments to the macula produce a force
with a tangential centrifugal component [18]. However, this is based on a model of the
vitreous behaving like a string with one end attached to the macula. In this model, the vitreous
face at the macula is behaving like a radial array of elastic bands. This may be an
oversimplification and the vitreous face may behave like an elastic sheet with a central defect
at the fovea. In this case, there would be tension circumferentially in the vitreous face at the
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site of vitreomacular attachment and this could act to limit tangential separation. Further
work is required to differentiate these models of the posterior vitreous face.

This study has quantified the anatomical changes that occur during the development of a
FTMH. We propose a mechanical model to link the movement of the inner retina to the outer
retina to explain the observed changes. The model relies on a drawbridge elevation of the
inner retinal complex rather than a tangential separation of the inner retina for FTMH
formation. These changes must be explained by any complete hypothesis of FTMH
formation.
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Fig 1. A. The inner retinal complex (IRC) is seen as a well-defined layer on OCT scans. B. Measurements made
on the OCT scans: Inner retinal separation (IRS), Minimum linear dimension (MLD), Base diameter of hole
(BD), and the height of a line joining the innermost points of the inner retinal complex (Height-IRS).
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Fig. 2. Left: boxplots of change in parameters. Right: boxplot of change in inner retinal separation for groups A,
B, C, and D.
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Fig. 3. Serial OCT scans from one of the cases. It can be seen that the initial and final OCT scans are taken from
the same cross section. The horizontal positions of the central edge of the inner retinal complex have been
arrowed. It can be seen that there is very little change in the inner retinal separation despite formation of a
FTMH.
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Fig 4. A. OCT scan of a normal fovea and a FTMH. The images have the same horizontal and vertical scale for
length. B. Drawing of OCT scans to show the 3 layers used in the proposed model. IRC: inner retinal complex
layer; IML: intermediate layer; ORC: outer retinal complex layer. C. the inner retinal complex in the region of
the foveal depression moves like a drawbridge during the development of a FTMH.
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Fig 5. A. Schematic of model showing oblique path of Muller cells. Inset. A vertical movement of the inner
retina produces a vertical and tangential force on the outer retina. B. Elevation of the inner retinal complex. The
movement from the area of elevated inner retinal complex is directed to a smaller area of the outer retina. The
length of the corresponding Muller cells in diagrams A and B are the same. It can be seen that the distances
separating the Muller cells is increased in B compared to A and this gives rise to the intra-retinal cysts.

C. The Muller cells have a z-shape. The length of the Miller cells increase with distance from the centre of the
fovea. D. Postulated path of Muller cells in a FTMH, the cells have been straightened from their z-shape and
separated in Henle’s layer to form the retinal cysts.



